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Abstract
In oxygenic photosynthesis the cytochrome bf complex links electron transport between photosystem II and photosystem
I. The largest subunit of the complex is cytochrome f , a 32-kDa polypeptide that is anchored in the membrane by a
transmembrane alpha helix located near the carboxyl end. The three-dimensional structure of the soluble domain of
˚cytochrome f isolated from turnip has been determined by X-ray crystallography to 1.96 A resolution. The structure
revealed several novel features compared to previously solved soluble c-type cytochrome structures, including a predomi-
nant b-strand motif, the N-terminal a-amino group of a tyrosyl residue as an orthogonal ligand, and a bound internal water
chain. Here we report a novel and unprecedented extinction coefficient for cytochrome f. Using the pyridine hemochrome
assay, the reduced minus oxidized extinction coefficient for the soluble domain of turnip cytochrome f was 26"1 mMy1
y1  .cm for the a-band wavelength peak at 554 nm relative to the isosbestic wavelengths 534, 543.5 and 560.5 nm , and
y1 y1  .25"1 mM cm for spinach cytochrome f relative to the isosbestic wavelengths 533.5, 543.3 and 560.2 . The
extinction coefficients reported here are significantly higher than previously published values for cytochrome f. We believe
earlier determinations underestimated the cytochrome f extinction coefficient and that the same is likely true for commonly
used extinction coefficients of cytochrome b . The cytochrome f extinction coefficient is large compared to most other6
c-type cytochromes, which could be due to the unique axial ligand of the cytochrome f heme. Polarographic measurements
show the midpoint potential of soluble turnip cytochrome f to be 362"5 mV at pH 7.5. The midpoint potential was
 .pH-independent from 5.0 to 8.5, and pH-dependent from pH 8.5 to 10.5 y58 mVrpH unit with a pK on the oxidized
form near 9. Storage of some samples of purified turnip and spinach cytochrome f at y208C modified the heme
 .environment in a fraction of the protein, shifting the midpoint potential to near y165 mV pH 7.5 and the peak of the
a-band absorption spectrum from 554 nm to 552 nm.
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1. Introduction
The cytochrome bf complex is an integral compo-
nent of the photosynthetic membranes of all oxygenic
 w x.organisms reviewed in 1,2 . The complex transfers
electrons from photosystem II to photosystem I by
catalyzing the oxidation of plastoquinol and the re-
duction of plastocyanin or cytochrome c . The redox6
reactions are coupled to proton translocation across
the photosynthetic membrane, which contributes to
the proton electrochemical gradient required for ATP
synthesis. The complex is composed of four large
subunits and at least three small hydrophobic sub-
units, and contains one FeS center, two b-hemes, and
a c-type heme associated with cytochrome f. The
terminal electron acceptor in the complex is the
32-kDa cytochrome f polypeptide. Cytochrome f is
anchored to the thylakoid membrane by an a-helix
located near the carboxyl end of the protein. The
remainder of the protein, including the heme-binding
domain, is exposed to the inner aqueous phase of the
w xthylakoid vesicle 3 . Although the structure of the
cytochrome bf complex is unknown, recent X-ray
analysis has revealed the three-dimensional structure
of the soluble domain of turnip cytochrome f re-
˚.sidues 1–250, M s27.5 kDa to 1.96 A resolutionr
w x3,4 . Comparison of the structure of cytochrome f
with other c-type cytochromes reveals some unprece-
dented differences. These include the unusual axial
heme ligation of cytochrome f , provided by the
a-amino-group of the N-terminal tyrosine. In other
c-type cytochromes axial heme ligation is typically
provided by methionine or histidine or lysine under
. w xalkaline conditions 3,5 . In addition, the secondary
structure in contrast to soluble cytochrome c is pre-
dominantly b-strand, and cytochrome f contains a
unique buried linear five water chain that is H-bonded
to the histidine heme ligand.
Here we report the extinction coefficients of cy-
tochrome f purified from turnip and spinach and the
pH dependence of the midpoint potential of turnip
cytochrome f. Extinction coefficients were deter-
mined using the pyridine hemochrome assay as de-
w xscribed by Berry and Trumpower 6 to quantitate the
amount of heme. Using this technique, it was found
that the extinction coefficient in the a-band of re-
duced cytochrome f at its spectral peak is about 30%
higher than several previously reported values for
w xcytochrome f 7–9 . The experimental approach was
tested by measuring the extinction coefficient of horse
heart cytochrome c which was found to agree with
previously published values.
2. Materials and methods
2.1. Purified cytochromes
The soluble 252 residue domain of cytochrome f
 .was isolated from turnip Brassica campestris as
w xdescribed elsewhere 3 , or was purchased from Sigma
 .  .St. Louis, MO . Spinach Spinacia oleracea cy-
 .tochrome f consisting of the complete polypeptide
and horse heart cytochrome c were obtained from
 .Sigma St. Louis, MO . All cytochrome f samples
appeared as a single band on SDS-PAGE stained
with Coomassie Blue.
2.2. Absorption spectroscopy
Most spectroscopic measurements used a DW2
 .SLMrAminco Spectrophotometer Rochester, NY
modified by On-Line Instrument Systems, Inc.
 .Bogart, GA at a half-bandwidth of 0.3 nm. Some
measurements were done using a Hewlett-Packard
HP8452A Diode-Array Spectrophotometer at a half-
bandwidth of 2 nm. Care was taken to ensure that the
chemical titrants did not contribute to the cytochrome
absorption spectra. Measurements were done at 22–
258C using a one cm pathlength cuvette.
2.3. Heme quantitation
The heme concentration of our samples was deter-
mined using the pyridine hemochrome assay as de-
w xscribed by Berry and Trumpower 6 . The technique
depends on replacing the axial ligands of the cova-
lently bound heme in cytochrome f by pyridine,
thereby creating the pyridine hemochrome for which
the extinction coefficient is known. The conversion
of the cytochrome heme to the pyridine hemochrome
was carried out in a cuvette containing 1 ml total
reaction volume. First, purified cytochrome f 50 ml
.of stock solution containing 20–60 mM cytochrome
was suspended in 518 ml H O, to which 32 ml2
 .ferricyanide 10 mM stock solution was added to
oxidize the cytochrome. Then 300 ml of pyridine
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 .30% by volume was added, followed by 100 ml of
 .1 N NaOH 0.1 N final concentration . After thor-
ough mixing the cuvette was placed in the dark for 5
to 30 min. The duration of the incubation period did
.not alter the results. Next, the oxidized pyridine
hemochrome spectrum was recorded from 520 to 580
nm. To ensure that the sample was fully oxidized,
additional ferricyanide was added final concentration
.640 mM and a second oxidized spectrum recorded.
To reduce pyridine hemochrome a few grains of solid
sodium dithionite were added to the sample, after
which the reduced spectrum was recorded. Additional
dithionite was added to ensure complete reduction.
Varying the NaOH concentration final concentration
.0.25 N , the cytochrome concentration, or total reac-
tion volume, did not change the results. The reduced
minus oxidized spectrum of pyridine hemochrome
was obtained by subtraction of the oxidized from the
reduced spectrum. Potassium ferricyanide, sodium
dithionite, ascorbic acid, and hydroquinone were pur-
 .chased from Sigma St. Louis, MO .
2.4. Cytochrome absorption spectra
Cytochrome spectra were determined as described
above for the hemochrome pyridine assay except that
pyridine and NaOH were omitted, and the cy-
tochromes were suspended in buffer containing 50 or
 .100 mM NaH PO pH 7.5 . The cuvette contained2 4
50 ml cytochrome from stock solution of 20–60
. mM , 918 ml buffer, and 32 ml FeCN 10 mM or
.100 mM stock solution . After the oxidized spectrum
of the cytochrome was recorded, the sample was
reduced by ml additions of sodium dithionite 200
.mM to 2 mM final concentration or by the addition
of a few crystals of dithionite, or in some cases by
addition of ascorbate or hydroquinone from stock
solutions. Dithionite was suspended in 0.1 M Tris,
pH 9.0, and bubbled with argon to stabilize the stock
solution. In some potentiometric experiments cy-
tochrome spectra were measured under anaerobic
conditions. To achieve anaerobicity the buffer con-
taining the cytochrome was bubbled with high purity
argon for 10 min. The concentration of oxygen was
 .decreased further by adding glucose oxidase Sigma
 .  .50 unitsrml , glucose 1 or 10 mM and catalase
 .  .  .Sigma 1000 unitsrml Sigma as described else-
w xwhere 10 .
2.5. Extinction coefficients
Cytochrome extinction coefficients were deter-
mined by comparison of the reduced minus oxidized
absorption spectrum of the cytochrome with that of
w xthe pyridine hemochrome as described elsewhere 6 .
The concentration of the pyridine hemochrome was
determined using the extinction coefficient given by
w xBerry and Trumpower 6 for the reduced–oxidized
 y1 y1 .spectrum 24 mM cm at 550–535 nm .
2.6. Potentiometric redox titrations
Potentiometric redox titrations were done using a
Radiometer P101 platinum electrode in combination
with a Radiometer K401 calomel reference electrode
w xas described by Dutton 11 . The ambient redox
potential was calibrated by a saturated solution of
w xquinhydrone 12 . The redox state of cytochrome f
was determined by its a-band reduced minus oxi-
dized absorption spectrum. Absorbance measure-
ments were done using a DW2 SLMrAminco Spec-
 .trophotometer modified by OLIS Bogart, GA . Cy-
tochrome f was suspended in 20 mM KCl and 100
mM NaH PO at pH values from 6.5 to 7.5. MES2 4
 .  .  .100 mM , Tris-HCl 10 mM or CAPS 100 mM
were used as buffers at pH values 5, 8.5–10.5, and
10.5, respectively. Potassium ferricyanide was used
as an oxidant and ascorbate or sodium dithionite were
used as reductants. A redox buffer ‘cocktail’ consist-
 .ing of 2-anthraquinonesulfonate E sy225 mV ,m7
 . hydroquinone E sq280 mV , duroquinone Em7 m7
. sq68 mV , 2-hydroxy-1,4-naphthoquinone E sm7
.  .y139 mV , 1,4-naphthoquinone E sq60 mVm7
 .and 1,2-naphthoquinone E sq135 mV each atm7
.20 mM was used to mediate between the membrane
w xand the electrode 11,12 . Titrations done in the re-
ductive or oxidative direction gave identical results.
Midpoint potentials were determined from the best fit
 .to the Nernst equation using Kaleidagraph v. 3.0.5
 .Synergy Software, Reading, PA .
3. Results
3.1. Extinction coefficients
The extinction coefficient of the soluble domain of
 .turnip cytochrome f residues 1–250 was deter-
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 .Fig. 1. A Reduced minus oxidized absorption spectrum of the
pyridine hemochrome produced using turnip cytochrome f. The
pyridine hemochrome was created by suspending turnip cy-
tochrome f in medium containing 30% pyridine and 0.1 N NaOH
 .as described in the text. Ferricyanide 320 mM was used as the
 .  .oxidant and dithionite added as crystals as the reductant. B
Absolute reduced and oxidized a-band absorption spectra of
turnip cytochrome f suspended in a buffer containing 100 mM
NaH PO at pH 7.5. The concentration of heme was identical in2 4
 .  .  .A and B final concentration 0.8 mM .
mined by converting the cytochrome heme to the
pyridine hemochrome as described above. Using the
Beer-Lambert law and the millimolar extinction coef-
ficient of the pyridine hemochrome, the concentration
of heme in the sample was calculated from the
 .Fig. 2. A Reduced minus oxidized extinction coefficient of
 .turnip cytochrome f. B Reduced minus oxidized extinction
coefficient of spinach cytochrome f. The procedure for calculat-
ing the extinction coefficient is described in the text.
reduced minus oxidized absorption spectrum of the
 .pyridine hemochrome Fig. 1A . The absolute re-
duced and absolute oxidized spectra of turnip cy-
 .tochrome f Fig. 1B were recorded in the a-band
region at the same heme concentration as in Fig. 1A.
These measurements are sufficient to calculate the
reduced minus oxidized millimolar extinction coeffi-
cient of turnip cytochrome f from 520 to 580 nm
 .Fig. 2A . The extinction coefficient for the reduced
Table 1
  .Comparison of cytochrome f extinction coefficients determined using the pyridine hemochrome assay reduced e and reduced minus
 ..oxidized De
a .  .  .Cytochrome f e 554–580 nm De 554 nm De 554–540 nm Reference
y1 y y1 y1 y1 y1 .  .  .  .source mM cm 1 mM cm mM cm
b b  .Turnip 38 26 29 this work
c c w xTurnip y 26 28 Matsuzaki et al. 15
b b  .Spinach 36 25 28 this work
a Measured from the a-band peak to the isosbestic wavelengths.
b S.D."1, ns9 for turnip and ns4 for spinach.
c Recalculated from the original work using the reduced minus oxidized extinction coefficient for c-type pyridine hemochrome of 24
y1 y1 w xmM cm as given by Berry and Trumpower 6 . See text for further details.
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form of turnip cytochrome f is 37.9 mMy1 cmy1 for
 .the wavelength pairs 554–580 nm Table 1 . The
reduced minus oxidized extinction coefficient for
turnip cytochrome f is 26.2"1 mMy1 cmy1 for the
a-band peak at 554 nm relative to the isosbestic
wavelengths, 28.5 mMy1 cmy1 for the wavelength
pair 554–540 nm, and 30.0 mMy1 cmy1 at 554 nm
relative to a base line drawn between the troughs at
538 and 568 nm. The peak of the cytochrome f
reduced minus oxidized spectrum in the a-band is
 .554.0"0.4 nm ave. of 8 measurements and the
half-bandwidth of the spectrum is 8.6"0.4 nm ave.
. of 3 measurements calculated from the minimum at
.538.5 nm to the peak . The isosbestic points for the
reduced minus oxidized spectrum are 534, 543.5, and
560.5 nm. The cytochrome f extinction coefficient is
constant over the pH range from 5.0 to 9.5.
The same procedure was followed for calculating
the extinction coefficient of spinach cytochrome f
 .Table 1 . The extinction coefficient for the reduced
form of spinach cytochrome f is 36.5 mMy1 cmy1
for the wavelength pairs 554–580 nm. The reduced
minus oxidized extinction coefficient for spinach cy-
tochrome f is 25.2"1 mMy1 cmy1 for the a-band
peak at 554 nm relative to the isosbestic wavelengths,
27.8 mMy1 cmy1 for the wavelength pair 554–540
nm, and 28.7 mMy1 cmy1 at 554 nm relative to a
base line drawn between the troughs at 538 and 568
 .nm Fig. 2B . The isosbestic points are 533.5, 543.3
and 560.2 nm.
To test the pyridine hemochrome assay we mea-
sured the extinction coefficient of equine cytochrome
c. These results gave an extinction coefficient of
21.0"0.8 mMy1 cmy1 at 550 nm, measured from
the isosbestic wavelength at 542.5 nm data not
.shown . This value is in close agreement with extinc-
tion coefficients for equine cytochrome c given by
w x  y1 y1van Gelder and Slater 13 20.3 mM cm and
y1 y1. w x  y121.1 mM cm and Massey 14 21.0 mM
y1.cm . It is noteworthy that these determinations
w x13,14 did not depend on the pyridine hemochrome
assay.
For accurate determination of cytochrome extinc-
tion coefficients it is essential that all of the cy-
tochrome heme be converted to the pyridine
hemochrome in the assay. Two features of the pyri-
dine hemochrome spectrum shown in Fig. 1A indi-
cate that the conversion of cytochrome f is complete.
First, the peak of the absorption spectrum is shifted
from 554 nm, the a-band absorption peak for cy-
tochrome f, to 550 nm, the a-band absorption peak
w xfor the pyridine hemochrome 6 . Second, the shape
of the spectrum is identical to that of the pyridine
hemochrome produced using equine heart cy-
 .tochrome c data not shown and to the spectrum for
cytochrome c pyridine hemochrome shown by Berry
w xand Trumpower 6 .
3.2. Midpoint potentials
The equilibrium redox behavior of turnip cy-
tochrome f is shown in Fig. 3A. The midpoint
potential at pH 7.5 is 362 mV"5 mV, which is
 .Fig. 3. A Potentiometric titration of turnip cytochrome f. The
cytochrome was suspended in medium containing 100 mM
 .NaH PO pH 7.5 and 20 mM KCl. Experimental details are2 4
given in the text. The titration was the same in the reductive
 .  .open circles and oxidative direction closed circles . The smooth
curve was generated by the Nernst equation giving the best fit to
the data using the program Kaleidagraph. The midpoint potential
and the number of electrons were selected as free parameters.
The calculated midpoint potential is 362"5 mV and the number
 .of electrons is 1.00"0.02. B The pH dependence of the redox
midpoint potential of turnip cytochrome f.
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similar to values found for cytochrome f from other
 w x.species reviewed in 2 and to that recently deter-
w xmined by Martinez et al. 4 . In the pH range from
5.0 to 8.0 the midpoint potential is constant, and
above pH 8.5 the midpoint potential is pH-dependent
 .  .y58 mVrpH unit Fig. 3B . The pH dependence
of the redox behavior of turnip cytochrome f is
similar to that of parsley cytochrome f determined by
w xDavenport and Hill 15 and to that shown by Mar-
w xtinez et al. for turnip 3 .
3.3. Modification of cytochrome f by freezing
In some cases freezing cytochrome f in buffered
 .solutions 50–100 mM NaH PO , pH 7.5 at y208C2 4
for periods of a month or more modified the absorp-
tion spectrum and redox behavior of cytochrome f
isolated from turnip or spinach. The effect was most
easily seen by chemical difference spectra. An ascor-
bate minus ferricyanide spectrum gave an absorbance
peak at 554 nm, as is seen for native cytochrome f,
but only 65–75% of the cytochrome was reduced. A
redox titration of the ascorbate reducible 554 nm
peak gave a midpoint potential near 360 mV, as for
native spinach cytochrome f. However, addition of
dithionite produced an additional absorbance in-
 .crease, with a peak at 552 nm data not shown . A
Fig. 4. Potentiometric titration of the low potential component of
spinach cytochrome f observed in some samples that had been
 .stored at y208C in 100 mM NaH PO buffer pH 7.5 at a2 4
cytochrome concentration of approx. 60 mM. For the redox
titration cytochrome f was suspended in 100 mM NaH PO2 4
 .buffer pH 7.5 . The smooth curve was drawn from the Nernst
equation giving the best fit to the data using the program
Kaleidagraph. The midpoint potential and the number of elec-
trons were selected as free parameters. The calculated midpoint
potential of the low-potential component is 160"5 mV and the
number of electrons is 0.96"0.04.
redox titration of this peak revealed a midpoint poten-
 .tial of y160"10 mV at pH 7.5 Fig. 4 . Turnip
cytochrome f also revealed a low potential form
  ..E sy160"10 mV average of three samples .m,7.5
For dilute spinach or turnip cytochrome f samples
 .20–60 mM frozen at y208C for a month or more
the low potential peak typically represented 25–30%
of the total a-band absorbance change.
4. Discussion
4.1. Extinction coefficients of turnip and spinach
cytochrome f
The reduced minus oxidized extinction coefficients
in the a-band regions of cytochrome f from turnip
and spinach are shown in Fig. 2A and Fig. 2B,
respectively. It is noteworthy that the extinction coef-
ficient of cytochrome f is larger than that of most
w xsoluble c-type cytochromes 16 . The large extinction
coefficient may be due to the unique a-amino group
of the N-terminal tyrosine that serves as one of the
axial ligands of cytochrome f. It is known that the
 .intensity of the Q or a- band is sensitive too
w xstructural perturbations 17 . In this context it should
be noted that the high resolution structure of turnip
cytochrome f does not indicate any obvious bending
of the ligand bond between the N-terminal amino
group and the heme iron S.E. Martinez, personal
.communication . In mitochondria and some bacteria
the cytochrome bc complex serves a similar role to1
that of the cytochrome bf complex and has similar
redox centers. However, cytochrome c , which serves1
the same role as cytochrome f , does not appear to
w xhave an a-amino group axial ligand 18 and has a
lower extinction coefficient with published values
y1 y1 w xranging from 17.5 to 20.1 mM cm 19,20 .
4.2. Comparison of cytochrome f extinction coeffi-
cients with pre˝iously published ˝alues
Previous measurements of the extinction coeffi-
cient of cytochrome f are significantly lower than the
w x w xvalues determined here 7–9 . Forti et al. 7 obtained
y1 y1  .a value of 22 mM cm 554–540 nm for the
reduced minus oxidized extinction coefficient of pars-
w xley cytochrome f and Davenport 8 obtained a value
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y1 y1  .of 19 mM cm 554–540 nm for spinach cy-
tochrome f. However, both of these determinations
calculated the extinction coefficient based on the total
iron content of the sample rather than heme content.
Any non-heme iron in the sample would cause an
underestimation of the extinction coefficient, which
in our view makes these determinations less reliable
than those that measure the heme content.
The only published cytochrome f extinction coef-
ficients we are aware of that determined the heme
w xcontent are those of Matsuzaki et al. 21 and Nelson
w xand Neumann 9 , who both used the pyridine
w xhemochrome assay. Matsuzaki et al. 21 obtained a
value for turnip cytochrome f for the reduced minus
oxidized extinction coefficient of 24 mMy1 cmy1 at
554 nm relative to the isosbestic points based on a
pyridine hemochrome reduced minus oxidized extinc-
y1 y1  .tion coefficient of 22.3 mM cm 550–535 nm .
w xNelson and Neumann 9 determined a reduced minus
oxidized extinction coefficient of 20.3 mMy1 cmy1
for lettuce cytochrome f in cytochrome bf com-
plexes at 554 nm relative the isosbestic points based
on a pyridine hemochrome reduced minus oxidized
y1 y1 extinction coefficient of 21 mM cm 550–535
.nm . These values for the cytochrome f extinction
coefficient, including ours, depend on the accuracy of
the extinction coefficient of the pyridine hemochrome.
We used the value recommended by Berry and
w xTrumpower 6 , who critically analyzed and tested
previously published values. In view of the argu-
ments put forth by Berry and Trumpower, based
largely on consensus values found in the literature
and their own measurements, we think an extinction
coefficient of 24 mMy1 cmy1 is the most reliable.
If we recalculate the extinction coefficient of Mat-
w x y1 y1suzaki et al. 21 , using 24 mM cm for the
pyridine hemochrome, the reduced minus oxidized
y1 y1 value is 26 mM cm a-band peak relative to the
 ..isosbestic points Table 1 , which is in agreement
with our data presented for turnip and spinach Table
.1 . Recalculating the extinction coefficient of Nelson
w x y1 y1and Neumann 9 gives 23 mM cm .
4.3. Consequences of a re˝ised extinction coefficient
for quantitation of cytochrome f
There is strong evidence that the stoichiometric
ratio of cytochrome f to cytochrome b in the cy-6
 w x.tochrome bf complex is 1:2 reviewed in 2 , which
is supported by X-ray analysis of the cytochrome bc1
complex from beef heart mitochondria C.A. Yu,
.personal communication . The fact that many spec-
troscopic studies using a cytochrome f differential
y1 y1 w xextinction coefficient near 20 mM cm 22 con-
 w x.firm this stoichiometry e.g., 23–25 would at first
glance cast doubt on the higher extinction coeffi-
cients presented here. However, these spectroscopic
determinations depend on quantitation of cytochrome
b . Published values for the reduced minus oxidized6
extinction coefficient of cytochrome b exhibit a6
y1 y1 w x y1wide range, from 17 mM cm 26 to 24 mM
y1 w x  .cm 9 for the wavelength pairs 563–575 nm .
Examination of published spectra for cytochrome bf
w xcomplex 24,25 our data on the cytochrome f extinc-
tion coefficient indicate that to maintain a stoichiom-
etry of 1:2 in the cytochrome bf complex, the extinc-
tion coefficient of cytochrome b would need to be6
nearly as large as the extinction coefficient of cy-
tochrome f. Typically a small value for cytochrome
b in the range of 17–20 mMy1 cmy1 has been6
 w x.chosen e.g., 24,25 , which matched the low value
 y1 y1for cytochrome f 20 mM cm for the wave-
.length pair 554–540 nm , thereby giving a stoichiom-
etry of 1:2. If the larger value of 24 mMy1 cmy1 for
the extinction coefficient of cytochrome b is used6
w x9 together with the values given in Table 1, the
calculated ratio of cytochrome f to cytochrome b6
would near 1:2. It is noteworthy that cytochrome b in
the mitochondrial cytochrome bc complex, which is1
analogous to cytochrome b in the cytochrome bf6
complex, has a large extinction coefficient with val-
ues ranging from 25.6 mMy1 cmy1 to 28.0 mMy1
y1 cm determined by the pyridine hemochrome as-
. w xsay 20,27 . Our data for cytochrome f lead us to
suggest that cytochrome b , like mitochondrial cy-6
tochrome b, may have a large extinction coefficient.
Several studies have determined the amount of
cytochrome f in the photosynthetic membrane, usu-
 w x.ally on a chlorophyll basis e.g., 28,29 . These
determinations typically used an extinction coeffi-
y1 y1 cient for cytochrome f near 20 mM cm 554–
. 540 nm . Using a larger extinction coefficient Table
.1 would lower the cytochrome f content by 30%. In
most of these studies the conclusions depend on the
relative change in the concentration of cytochrome f
w xversus a growth parameter, e.g., light intensity 29 ,
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therefore a systematic error in the absolute concentra-
tion cytochrome f would not alter the conclusions.
w xOne exception is the work of Graan and Ort 30 in
which they determined the number of DBMIB bind-
ing sites on the cytochrome bf complex. Two lines of
evidence, one based on the concentration of cy-
tochrome f and the other on the concentration of the
Rieske FeS center, led them to conclude the cy-
tochrome bf complex operates as a dimer. Reanalysis
of the stoichiometries based on a revised cytochrome
 .f extinction coefficient Table 1 would make the
ratio of DBMIB binding sites to cytochrome bf equal
0.84, a ratio that does not support the operational
dimer interpretation, at least for the plastoquinol oxi-
dation site.
4.4. Midpoint potential of turnip cytochrome f
The cytochrome f heme is located in the aqueous
lumenal phase of the photosynthetic membrane. The
pH of the lumen is controlled largely by the light
intensity and typically varies between pH 5.5 and 7.5
 w x.e.g., 31 . Over this pH range the equilibrium mid-
point potential of turnip cytochrome f is constant
 .  .approx. 360 mV Fig. 4 . Above pH 8.5 the mid-
point potential is pH-dependent, decreasing 58 mV
for every pH unit increase. Fig. 3B indicates a pK on
the oxidized form of cytochrome f at 9. Based on the
w xstructure of cytochrome f , Martinez et al. 4 consid-
ered several amino acid residues, as well as heme
propionates that could account for the observed pK,
and inferred that deprotonation of the histidine imida-
zole at position 25 may be responsible.
4.5. Cytochrome f heterogeneity induced by freezing
In some cases, storing samples of isolated cy-
tochrome f from turnip or spinach at y208C created
a low potential form of the heme E sy160m,7.5
.mV . The low midpoint potential of the cytochrome f
heme is similar to that for iron protoporphyrin IX
 w x.E sy145 mV 12 . The redox heterogeneitym,7.5
observed for cytochrome f may be similar to that
observed for cytochrome c samples, in which it was1
observed that after ageing a fraction of the cy-
tochrome was not reduced in the presence of ascor-
w xbate 32 . Cytochrome c of the cytochrome bc1 1
complex plays a role analogous to that of cytochrome
f. We did not observe this freezing-induced hetero-
geneity in horse heart cytochrome c or cytochrome
c from Synechocystis 6803. The effect may be due6
to the unique N-terminus amine that serves as sixth
w xligand for the heme of cytochrome f 3,4 , although
this explanation would not account for the ageing-in-
duced modification of cytochrome c , which does not1
have an amine ligand. The possibility was considered
that oxygen may replace the amine ligand in the
modified samples. However, it was found the low
potential spectrum was present in cytochrome f sam-
ples under anaerobic conditions, making it unlikely
that oxygen plays a role in this phenomenon.
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